In this study, frequency response functions (FRF) measured by piezoelectric Macro-Fiber Composites (MFC) are used to detect subsurface delamination in a composite plate. The plate is impacted to seed damage in the form of ply delamination. Then, the MFC-based active-sensing system exerts an excitation into the plate, and measures the subsequent responses. Traditional piezoceramic materials are also mounted in comparable locations on the plate to compare their performances. FRF and damage indicator features are derived from the measured signals and used to assess the condition of the plate. Validation of the delamination is completed using an ultrasonic C-scan method. The effective area of observed damage is well correlated to the damage indicator feature.
Introduction
The use of composite materials for structural systems has increased because of their lightweight and high strength. However, the use of composites leads to various types of failure modes, including delamination, fiber breakage, matrix cracking, and fiber-matrix debonding. Delamination appears to be the most frequent failure mode, usually caused by imperfect fabrications, cracks in matrix materials, impacts by foreign objects, or other hazardous service environments 1 . The delamination substantially reduces the stiffness and the buckling load capacity, which, in turn, influences the structure's stability characteristics.
In order to ensure safe and reliable operation, a large amount of research efforts have focused on the development of cost-effective structural health monitoring (SHM) systems for composite structures. These SHM systems can be generally classified into two categories; low-frequency vibration-based methods and high-frequency response methods such as Lamb wave propagation. Although numerous methods have been proposed to detect damage using low-frequency vibration data, its actual application poses many technical challenges. The most fundamental challenge is the fact that damage is typically a local phenomenon and may not significantly influence the lower-frequency global response of a structure that is normally measured during vibration tests. Another fundamental challenge is the effect of environmental and operational condition changes that leads to significant modifications on the measured dynamic responses and may produce similar The high-frequency response methods, in particular Lamb wave propagations, are widely used for monitoring of composite plates 4 , 5 , 6 , 7 . Lamb waves are mechanical waves corresponding to vibration modes of plates with a thickness on the same order of magnitude as the wavelength. The changes in wave attenuation, reflection, or time-of-flight are typically used to detect and locate damage with various signal processing techniques. The advances in sensor and hardware technologies for efficient generation and detection of Lamb waves and the need to detect sub-surface damage in laminate composite structures, particularly those used in aircraft industries, has led to a significant increase in the studies that use Lamb waves for detecting defects in composite structures. However, it is a wellknown fact that Lamb waves in composite plates travel relatively short distances compared to metallic counterparts because of high damping present within the material. In order to obtain an acceptable signal to noise ratio, one often needs to employ significantly increased numbers of sensors and actuators for composite plate monitoring. In addition, data retrieval LA-UR-04-7688
and management may not be trivial, and a large data storage capacity is required to process and compare the measured data. The large number of sensors/actuators may also lead to frequent sensors/actuators failures, which produce false-indications regarding the structural health and negates the effectiveness of the techniques.
This paper describes the model-independent damage assessment of composite plates by monitoring the changes in FRF measured by piezoelectric active-sensing systems. It is a well known fact that the FRF represents a unique dynamic characteristic of a structure.
From the standpoint of structural monitoring, the damage will alter the stiffness, mass, or energy dissipation properties of a system, which, in turn, results in the changes in the FRF of the system. Contrary to most vibration-based methods, which lie in the low-frequency modal-analysis domain, the FRFs examined in this study are measured at relatively highfrequency ranges to improve the sensitivity to minor defects in a composite structure. The goal of this study is to assess the condition of a composite plate with minimum instrumentation and signal processing, compared to other SHM techniques. The use of FRF to detect and locate damage, especially at higher frequency ranges, is an unique approach primarily because it provides required sensitivities and repeatability, and allows judicious selection of frequency ranges for a given structure.
In this study, multiple reference signals are first recorded before the composite plate is damaged. The composite plate is then impacted to seed damage in the form of fiber cracks and ply delamination. The active sensing system exerts an excitation into the plate, and 
Test Structure: Composite Plate
The test structure is shown in Figure 1 Piezoelectric materials are very useful in structural health monitoring because they can perform both duties of sensing and actuation within a structure. The electro-mechanically coupling property of PZT allows one to design and deploy an "active" and "local" sensing system whereby the structure in question is locally excited by a known input, and the LA-UR-04-7688 7 corresponding responses are measured by the same excitation source. The employment of a known input also facilitates subsequent signal processing of the measured output data.
A total of 14 baseline measurements with the PZTs and MFCs were recorded to capture environmental variability before damage was introduced. The baselines were measured under different ambient and temperature conditions over a three week period. For this study, time histories were sampled at a rate of 51.2 kHz, producing 32,768 time points using a commercial dynamic signal analyzer. An amplified random signal (1 V) was used as the voltage input for the testing.
Damage is then introduced into the plate by firing a small projectile out of a gas gun. A gas gun is used to propel a 192.3g steel projectile with a spherical nose at the composite plate. 
Data Processing and Damage Indicator Features
For SHM strategies that rely on vibration response measurements, the ability to normalize the measured data with respect to varying operational and environmental conditions is LA-UR-04-7688 8 essential if one is to avoid false-positive indication of damage. This insensitivity to environmental conditions is accomplished through the following standard data normalization procedure;
where x is the standardized signal, µ and σ are the mean and standard deviation of the original signal, x , respectively. This process was previously used 9 in time-series data analysis for SHM so that the damage detection algorithm could distinguish between structural damage and operational variability. This process eliminates DC bias in timeseries data and normalizes the variations associated with the differences in excitation levels, which can be caused by changes in the PZT capacitance and in the damping of a host structure with respect to temperature variations. This normalization procedure was applied to all signals measured in this study.
Each time history is split up into 29 separate 4096-point blocks, with 75% overlap. A Fast
Fourier Transform is then performed on all data blocks in order to transfer the time history information into the frequency domain for the FRF estimate. Only the responses in the frequency range of 5-20 kHz are analyzed for damage assessment in order to minimize the effect of boundary condition changes, which usually occurs in lower frequency ranges.
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In structural health monitoring, the process of feature extraction is required for the selection of key information from the measured data that distinguishes between a damaged and an undamaged structure. The extractions also accomplish the condensation of the large amount of available data into a much smaller data set that provides concise damage indication. In this study, a scalar damage metric, referred to as the Cross-Correlation metric, is used to interpret and quantify information from different FRF data sets. The correlation coefficient determines the linear relationship between the two data sets,
where ρ is the correlation coefficient, Z i,1 is the baseline FRF data and Z i,2 is the compared FRF data at frequency i, 1 Z and 2
Z are the means of the signals and the σ terms are the standard deviations. For convenience, the feature examined in this case is typically (1 -ρ);
this is done merely to ensure that with increasing damage or change in structural integrity, the metric values also increase. It should be noted that the cross-correlation metric accounts for vertical and horizontal shifts of data sets, which are usually associated with temperature changes.
Experimental Results

Sensor Ruggedness
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Structural health monitoring sensors/actuators must be rugged to withstand operational environments. Traditional PZT wafers used for active SHM methods are, however, brittle and require careful treatment; they are especially vulnerable under impact loadings. After Impact 2, it has been identified that the bonding condition between PZT and the plate significantly degraded. After Impact 5, it has been visually observed that one PZT was broken, as shown in Figure 4 . It is important to point out that, even with the degraded bonding condition, the piezoelectric patches were still able to produce sufficient sensing and actuation signals, potentially leading to the false-indication of the structural condition.
This type of sensor failure would be especially problematic for most wave propagation approaches because these methods usually require a large number of sensors/actuators for composite plate monitoring.
On the other hand, MFC sensors provide a superior capability compared to the PZT.
Neither of the two MFC sensor's integrity was compromised with the induced impacts. The concept of using FRF for structural damage identification is not entirely new. Several investigations have been already made to utilize the measured FRF for detecting damage in structures 10, 11, 12 . In addition, the piezoelectric impedance-based method 13 is also in line with those based on FRF, because it indirectly measures the mechanical impedance of a structure over selected frequency ranges. However, none of the studies have addressed the data normalization issues as presented in this study. The effect of temperature on an FRF measured at high frequency ranges is an important problem and has been pointed out in implies that the correlation coefficient is a measure of how the system changes between one damage state and the next. These results are summarized in Table 1 .
In Table 1 , the largest variation of damage metric in the baselines is identified to be 0.0353.
Therefore, any value higher than that is taken to represent changes in the structural condition or the presence of damage. After Impact 1, the maximum value for the damage metric is 0.0465. Although it is higher than the established threshold value, it is considered as a "suspicious" condition rather than definite "damaged" condition because of its minor increase. It is confirmed by the ultrasonic scan (described later) that Impact 1 did not produce any delamination in the plate. Rather, it is believed that Impact 1 causes fibersplit, or fiber-breakage, and these damaged conditions could not be identified through the ultrasonic scans. Impact 2 stands out as having the highest damage metric relative to other conditions. Impact 2 was the highest projectile velocity and caused the most visible damage to the plate. All other impacts cause relatively large increases in the damage metric, which indicates that the impact introduced invisible damage into the plate. The results in Table 1 also show that Impact 4 causes more significant changes in the plate compared to Impact 3, even though it has a lower impact velocity.
Ultrasonic Validation
Because no visual damage was identified except for Impact 2, the pulse-echo ultrasonic method is used to detect and quantify the damage to validate the method presented in the previous sections. For these tests, a rectangular plastic dam was fabricated and secured to LA-UR-04-7688 14 the backside of the plate as shown in Figure 10 . The reservoir formed by the composite plate and dam was filled with 40.5 mm of water. Automated ultrasonic scanning was then performed. A 5 MHz transducer with a diameter of 12.7 mm and a focus of 38 mm was used to scan the plate.
To produce the ultrasonic image of the plate, the amplitude of the backwall signal was measured at every 0.5 mm, as the transducer traveled across one quadrant of the plate.
Because of the scanning system limitations, the entire plate could not be scanned at once.
Therefore, four quadrants are scanned individually and then the images are pasted together.
Variation of the amplitude of the backwall signal is indicative of the attenuation/scattering in the material. If delamination is present, the backwall signal would be completely lost.
The ultrasonic view of the plate is shown in Figure 11 obviously produced larger delamination area than Impact 3, which supports the previous FRF analysis.
When reviewing the results, the sensing ranges of the MFC patches can be considered to extend to the outer-most boundaries of the plate because there is no clear relationship found between the impact locations and MFC. In order to pin-point the damage location, the frequency range must be kept much higher, or increased numbers of sensors/actuators would be required.
The ultrasonic testing confirms the effectiveness of the high frequency FRF based SHM method based on active sensing systems. With a minimum instrumentation and signal processing technique, the condition of the structure can be qualitatively, yet somewhat quantitatively assessed. The damage indicator feature is well-correlated to the extent of delamination. In addition, by employing relatively higher frequency ranges, the method is sensitive to small defects in the structure, and at the same time, the effects of boundary and ambient condition changes can be completely eliminated. Another advantage of this method would be speed and assessment. The data acquisition and analysis of each impact test took less than one minute. Therefore, this method is capable of providing a real-time health monitoring system because the requirement on the hardware and signal processing is LA-UR-04-7688 16 significantly relaxed compared to other SHM methods. Another important consideration when designing SHM systems is sensor ruggedness. In this study, MFC sensors proved their ruggedness compared to traditional PZT in the impact experiment, in which relatively harsh operational conditions are imposed.
Conclusion
A composite plate subjected to varying states of damage was examined in this work.
Damage was introduced to the plate by firing a small projectile out of a gas gun to introduce delamination. Frequency response functions were calculated from both PZTs and
MFCs at high frequency ranges (5-20 kHz) and were used to assess the conditions of the plate. The MFCs proved their ruggedness versus PZT in the impact experiment, surviving all impacts while PZTs failed. In addition, the damage feature was able to identify all states of damage, with Impact 2 being the most severe case. Furthermore, the proposed method was validated by ultrasonic scanning methods, where the delaminated area is well correlated to the damage indicator feature. Figure 1 . The composite plate used for the test 
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